Various cellular signaling pathways, such as PI3-K, calcineurin, JAK2-STAT3, and MAPK have been suggested to play an important role in skeletal muscle growth. Old muscle, as compared to young muscle, lacks the ability to completely regrow its muscle mass after an atrophy-induced stimulus. Thus, it is hypothesized that defects and/or delays in the activation of specific cell signaling pathways of aged soleus muscle limits the potential for growth. To test this, 42 male Fischer 344xBN rats, 30 month old, were hindlimb immobilized for 10 days and compared to muscle samples analyzed from 3-4-mo-old rats in a previous report. After 10 days, the immobilization was removed and rats were allowed to ambulate for a series of days. Alterations in the activation or deactivation status of specific signaling pathways were determined by comparing the phosphorylation (phos) and total concentration of specific signaling proteins (pan) through Western blotting to the 10 day immobilization group. Various cell signals and their respective time groups of the old rats were shown to be significantly different when compared to the 10-day immobilization group. For example, peak increases during recovery from the immobilization were observed at: 1) the 3 rd recovery day for calcineurin-B-pan, 2) and the 6 th recovery day for: GSK -3 β-phos, p70S6K-phos and -pan, calcineurin-A-pan, STAT-3-phos and -pan, MAPK44-pan, and MAPK42-pan.
Introduction
Aging is an established contributor to the reduction of skeletal muscle mass, strength, and function (8; 13). This condition, known as sarcopenia, is characterized by decelerated protein synthesis rates, increased fatigability, and the atrophy or loss of muscle fibers (17) . As a result, the functional demands of the skeletal-muscular system, such as efficient mobility and postural strength, are compromised. For example, elderly populations of advanced age (>85 years) are known to experience a decline in various daily activities and soon after, a loss of an independent lifestyle (26) . The clinical relevance of this condition has generated a search for molecular mechanisms regulating the maintenance of skeletal muscle mass with age.
Effective cellular communication plays an essential role in skeletal muscle plasticity. Previous studies have discovered many components are involved in the hypertrophy process such as growth factors (IGF-I, LIF) (1; 19; 20; 31) , intracellular calcium (23; 27) , and mechanical and oxidative stress (15; 21; 32) . Interestingly, it is possible that multiple signaling pathways are integrated to influence the hypertrophy response. In normal skeletal muscle, each pathway appears to be utilized to transduce a variety of cellular signals that mediate the transcriptional and translational requirements for protein synthesis and degradation (7) . For example, Bodine et al (5) found that rapamycin, an mTOR inhibitor, blocked hypertrophy and it was concluded that an IGF -1 sensitive pathway, PI3-K/AKT/mTOR, is important for skeletal muscle hypertrophy. In addition, through an intra-muscular injection of a constitutively active AKT construct, muscle hypertrophy was induced through downstream signaling proteins p70 S6K and 4E-BP1.
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Alternatively, intracellular calcium levels also play a pivotal role in regulating muscular growth. Calcineurin (A, B), a calcium-sensitive enzyme serv ing as a phosphatase within the cell, has been shown to promote skeletal muscle hypertrophy through the IGF-I si gnaling pathway. Semsarian et al (27) found that IGF-I induced myotube hypertrophy through activation of the calcineurin signaling pathway. However, a controversy still exists over the relative contributions from AKT/mTOR and calcineurin during skeletal muscle hypertrophy (14) (16). It is not unreasonable to suggest that the hypertrophy process in skeletal muscle is dependent upon the integrated communication of multiple signaling pathways.
Young muscle has the ability to proportionally enlarge its size more effectively after a given stimulus when compared to old muscle (13) and this process may potentially occur through functioning cell signaling events. A recent report showed that a single bout of resistance exercise caused an increase in phosphorylation of the ERK 1/2, p90 RSK and Mnk 1 proteins in 22-yr-old male human subjects, but decreased ERK 1/2, p90 RSK , Mnk 1, p38MAPK and JNK/SAPK phosphorylations in the 79-yr-old men (33) .
Consequently, the responsiveness of these cell signaling pathways may continually become less efficient in response to muscle growth stimuli in aged muscle. Thus, it is hypothesized that specific defects are acquired within a signaling pathway(s) in aged muscle could limit potential muscle growth and contribute to a sarcopenic state.
Materials and Methods
Animals: Forty-two male F1 generation, Fischer 344 x Brown Norway (FBN) rats of 30 months of age were received from the NIA (National Institute of Aging) and acclimatized for 2 weeks before beginning the study. The rats were housed one animal per cage in a 12:12-h light dark cycle during both the immobilization and recovery
phases. Rat chow and water were given ad libitum and closely monitored throughout.
All experimental protocols have been approved by the Animal Use Committee of the University of Missouri-Columbia.
Hindlimb immobilization and experimental model:
A detailed procedure for the hindlimb immobilization model has been previously described (6) . Briefly, on the day of casting, rats were lightly anesthetized using isoflorane to attach plaster of Paris casts.
The plantar-flexor group of both legs was maintained in a shortened, non-stretched position during the immobilization period. The immobilized rats were checked daily for damage done to casting material, which was repaired if necessary. Rats were immobilized for a period of 10 days in order to allow comparison to earlier studies using the same duration (11) (12). After 10 days of immobilization, the casts were completely removed. The rats were then returned to the same cage and allowed to ambulate freely until the sacrifice date. Recovery rats from the 10-day immobilization included a control group (n=11), 0-day (no recovery time) (n=7), 3-day (n=8), 6-day (n=7), and 15-day (n=8) recovery groups. Each rat represented an independent observation. The animals were euthanized on these days by using a drug cocktail containing ketamine (75 mg), xylazine (3 mg), and acepromazine (5 mg). On the day of the sacrifice, the soleus muscle from both legs was carefully excised, weighed, and frozen in liquid nitrogen for storage at -80° C. In a follow-up experiment, soleus muscle samples from 3-4-mo-old rats employed in a previous paper (12) were reanalyzed with old muscle samples in the current study.
Muscle protein -extraction and concentration measurements:
The muscle tissue was homogenized on ice with buffer which included 50 mM Hepes (pH 7.4), 0.1% Triton respectively. Anti-rabbit and anti-mouse secondary antibodies (1:7500) were purchased from Amersham Biosciences (Piscataway, NJ). Antibody specificity was verified by molecular weight, positive controls (GSK-3β-phos, p70S6k-pan, CaNB-pan, and p38- 
Results

Soleus weights following hindlimb immobilization:
After the 10 th day of immobilization, the soleus muscle mass decreased 19.2% from control values at the start of immobilization (Fig. 1) . For all time points during the 15 days of recovery, old soleus muscle weights were significantly less than control values and had not regained any of the total atrophied soleus mass. Normalized soleus weights to body weights showed similar trends (data not shown).
Phosphorylation levels and total protein expression of various signaling proteins in atrophying and post-immobilization old soleus muscles. The number of rats per group
is equal to the number of independent observations made for every signaling protein
except for the 10-day immobilized group which had only an n of six instead of 7 for p38, STAT3, calcineurin A, and calcineurin B measurements.
PI3-K Pathway. Significant differences in AKT-pan protein concentration included the pre-immobilization control group, which was 52% lower than the 10-day immobilization group (Fig. 2A) . This was followed by a 56% and 65% decrease in the 6-day and 15-day recovery groups, respectively. AKT phosphorylation was not significantly different among any of the groups. Phosphorylation of GSK-3β (Ser 9 ) increased by 91% only in the 6-day recovery group (Fig. 2B ) relative to the 10-day immobilized group. Also, p70 S6K phosphorylation (Thr 389 ) increased by 3030% and 1940% in the 6-day and 15-day recovery time points, respectively, when compared to the 10-day immobilization group (Fig. 2C) . Protein levels of p70 S6K were significantly higher in the pre-immobilization controls and the 6 th day of recovery by 102% and 195%, respectively, when compared to the 10-day immobilization group.
Calcineurin A and B. Calcineurin A protein concentration was higher than the 10-day immobilization group by 180%, 463%, and 219% in control, 6-and 15-day groups, respectively, compared to the 10-day immobilization group (Fig. 3A) . Total concentrations of the calcineurin B subunit were 114% higher at 3 days and 57% higher at 6 days of recovery (Fig. 3B ) compared to the 10-day immobilization group.
JAK2-STAT3 Pathway. Phosphorylation of STAT3 (Tyr 705 ) increased at the 6 th day of recovery and was significantly different from control and 15 th day of recovery by 69% and 68%, respectively (Fig. 4) . Total STAT3 protein was increased 90% and 87%
in the 6-day and 15-day recovery groups, respectively, when compared to the 10-day immobilization group. 5A ). Protein concentrations of ERK1 (MAPK44) increased 114% after 6 days of recovery when compared to the 10-day immobilization group (Fig. 5B) . Also, ERK2
(MAPK42) protein concentration was increased by 56% and 40 % in the 6-day and 15-day recovery groups, respectively (Fig. 5C) . When compared to 10-day immobilization group, p38MAPK phosphorylation (Thr 180 /Tyr 182 ) was 85% lower in controls and 66%
lower at 15 days of recovery (Fig. 5D ). p38MAPK protein concentration was 27% lower in the control group.
Comparison of young vs. old. The increase in p70 S6K phosphorylation was significantly attenuated at the 3 rd recovery day in the soleus muscle from old as compared to young rats (Fig. 6) . No significant differences for GSK-3β-phosphorylation, STAT3-phosphorylation, or p38-pan during recovery were found between young and old soleus muscles.
Discussion
Gastrocnemius muscle in aged animals lacked the ability to regrow after 77 days of recovery from hindlimb immobilization (11) . The goal of this study was to characterize the responsiveness of multiple cell signaling pathways in skeletal muscle from aged animals during reloading from an atrophied state. Multiple changes in the phosphorylation status and total protein concentration occurred in various signaling proteins, and the findings are in partial agreement with the hypothesis that a specific defect in p70 S6k was acquired within a signaling pathway(s) in aged muscle.
After 10 days of immobilization, the soleus muscle had atrophied by 19.2% in the old animals. This percentage of atrophy is much less than the 38.5% previously observed we confirm the same finding in the soleus muscle, the major load-bearing muscle of the hindlimb. We have also confirmed that even after thirty days of recovery in 30-mo-old rats that no significant muscle mass was regained (25) . This unexpected observation is in agreement with reports that aged animals have attenuated (13) (2) (10) (24) or cannot increase their muscle mass after mechanical overload produced by surgical ablation (4).
Specifically 15 days after the removal of the immobilization material, the soleus muscle had failed to show any regrowth in the old animals. However, we previously found that after six and 15 days of reload in the soleus muscle of young animals that mass had recovered by 37% and 40%, respectively, after the same bout of atrophy (12) . These data indicate that soleus muscle does not regrow at the same rate in old animals during the 15-day recovery period from limb immobilization as it does in young animals. This observation has potential clinical relevance since the reduction of muscle growth in old animals may be contributing to the inability to recover pre-atrophy function from an atrophy-inducing stimulus. Therefore, the goal of this study was to determine the status of various signaling pathways during recovery in old rats after limb immobilization.
Interestingly, AKT phosphorylation did not increase at anytime point in the reloaded, old muscle. Using direct gene injection Bodine et al (5) found that AKT is an important regulator of muscle hypertrophy in skeletal muscle. In addition, Bodine et al. Hardt and Sadoshima (18) also described glycogen synthase kinase-3β (GSK-3β) as a novel regulator of cardiac hypertrophy. Active or non-phosphorylated GSK-3β
phosphorylates a transcription factor, nuclear factor of activated T cells (NFAT), and initiates NFAT removal from the nucleus. Vyas et al (30) recently found that active GSK -3 β negatively regulated skeletal myotube hypertrophy by potentially reducing NFAT transcriptional activity. However, after phosphorylation of GSK-3β at Ser 9 by AKT, GSK-3β is inactivated and potentially allows NFAT to remain active within the nucleus to induce the transcription of necessary hypertrophy genes. Therefore, the phosphorylation of GSK-3β might be a crucial signaling mechanism for skeletal muscle regrowth and its function appeared intact in the old rats. However, an alternative JAP 454-2003R2 14 signaling pathway besides AKT may be regulating the activity of GSK-3β due to AKT's lack of phosphorylation during muscle recovery.
In the current study, p38MAPK phosphorylation in the 10-day immobilization group of old rats was significantly higher than controls and the 15-day recovery groups.
Since the soleus muscle was shown to significantly atrophy during the 10-day immobilization time period, we speculate that the activation of p38MAPK could be promoting the loss of muscle tissue. Childs et al (12) may also act to prevent or retard muscle atrophy, however it is clearly not an effective hypertrophy agent under immobilization conditions when based upon our current and previously published data (12) . It is concluded that p38MAPK could act to stimulate soleus muscle atrophy during disuse, and the sustained activation of p38MAPK in old muscle recovery could inhibit the regrowth process.
STAT3 phosphorylation increased after six days of reloading in the old animals, which suggests its signaling may be functional. As a member of the JAK2 -STAT3 pathway, STAT3 is known to regulate the intracellular actions of various growth factors and also induce satellite cell proliferation in vitro (29) . STAT3 is a transcription factor known to homodimerize and translocate to the nucleus following phosphorylation However since many older humans undergo no exercise training after periods of physical inactivity, the aim of the current study was to provide baseline data.
In conclusion, aged skeletal muscle exhibits an attenuated increase in the phosphorylation of p70 
